Penile modi®cations during erection interest not only penile length and circumference, but also its size and shape. In this investigation, the size and shape repeatability of a single standardized ultrasonographic image of penis during¯accidity and erection was quanti®ed in a group of 19 patients complaining of erectile dysfunction. The penis of each patient was placed in the dorsal position and scanned by a 10 MHz linear ultrasonographic probe at the site of maximal corporeal size: (1) during¯accidity; (2) after an intracorporeal injection of 10 mg alprostadil; and (3) after a genital stimulation. Each scan was repeated three times for each patient and printed. On each print the outline of the tunica albuginea was drawn, digitized, and mathematically reconstructed by Fourier series that allow a separate quanti®cation of the size and shape differences. Reliability of the tunica albuginea outline and repeatability of probe positioning were separately assessed within patient and functional phase, and found to be good. The actual examinations of two impotence patients performed using the described method are also given. The shape of the corpora cavernosa may be potentially indicative of the homogeneous function of the tunica albuginea, and it may be of use in patients' follow up.
Introduction
It has been recently demonstrated that the tunica albuginea which tightly envelops the corpora cavernosa participates in the regulation of penile erection by compressing the subalbugineal venous reticulum and transalbugineal ef¯uent veins and by protecting the intracavernous arterioles during the sudden corporeal expansion occurring in the early phases of erection. It has been also shown that alterations of the albugineal structure in terms of reduction of the elastic ®bers content may be involved in the pathophysiology of some forms of erectile dysfunction. 1 These abnormalities can be directly evaluated by histological examination of bioptic specimen of the tunica albuginea and indirectly by the evaluation of changes of penile volume occurring during erection.
Indeed, quantitative ultrasonographic investigations have shown that the modi®cations of penile dimensions during erection are directly correlated to corporeal function, 2 and that a single transversal section may offer valuable indications about venous and tunical functions. Penile modi®cations during erection interest not only penile length and circumference, but also penile form in its entirety. 3 Recent observations suggest that conventional assessments of penile rigidity should be coupled with the evaluation of penile form, 4 which is signi®cantly correlated to the modi®cations of intracavernosal pressure during erection. 5 Form can be viewed as a combination of size and shape, shape refers to the structure independently from its orientation, relation to reference planes, and dimension (or size). 6, 7 Along with clinical macroscopic assessments of external penile size and shape modi®cations during erection, 3 ultrasonography allows the analysis of transversal penile form, thus offering a deeper insight into the`microscopic' phenomena. For instance, form evaluation would allow to assess asymmetrical dilations of the corpora cavernosa, that is non homogeneous tissutal modi®cations during function. Indeed, a complete evaluation of penile shape would need several transversal assessments, but in a ®rst approximation the shape modi®cations of one simple ultrasonographic section used for dimensional evaluations could be quantitatively analyzed. Unfortunately, the shape of penile outline in such a section cannot be related to simple geometrical patterns, and the conventional metric measurements will provide quantitative information about size only, eluding the quantitative de®nition of shapes and of shape modi®cations. 7, 8 More sophisticated mathematical methods such as the Fourier series allow a quantitative analysis of shape and of its changes. These mathematical methods describe the penile outline in the ultrasonographic section, and can be used to compare different sections (different patients, or the same patient during a cycle of penile erection). The method could also be used to compare single sections to a standard, that is to calculate the mathematical distance between the sine and cosine coef®cients that characterize the standard and the object.
Fourier series have already been successfully used for quantitative studies of biological forms in several ®elds: neurology, dentistry, osteology, hematology, and oncology. 9 These methods analyze the global shape characteristics of an object, and control for size differences, differing spatial orientations, and the dependency on reference planes. In particular, size could be a confounding factor in the analysis of shape changes, because its modi®cations are often of greater magnitude than the corresponding shape ones. 8 Moreover, penile size and shape during erection have concurrent modi®cations, 3 and a correct quanti®cation should separate the two effects.
Fourier series could thus offer a separate assessment of the size and shape characteristics of penile outline, and may allow a mathematical approach to the diagnosis of penile dysfunction. To the best of our knowledge, no previous investigation has quantitatively analyzed penile form using this approach. The ®rst step should be the assessment of the repeatability of the ultrasonographic scans conventionally used for the diagnosis of penile dysfunction. In other words, the within-patient method error (or system noise) should be evaluated, and compared to the between-patients differences.
In this investigation, we attempted to quantify the repeatability of a single standardized ultrasonographic image of penis during¯accidity and erection for the investigation of the intrinsic (that is the size and orientation independent) morphologic characteristics of its transversal section. Fourier analysis 8, 10 will be used to analyze a group of patients complaining of erectile dysfunction, size repeatability will be also separately quanti®ed, and a practical example of the possibilities of the method will also be given.
Materials and methods

Patients and ultrasonographic investigation
Nineteen consecutive patients aged 35±73 y (mean 54 y) complaining of erectile dysfunction were studied. All patients underwent a thorough sexual history, physical examination and laboratory analysis including serum glucose, glycosylated hemoglobin, cholesterol, triglycerides, testosterone and prolactin. For each patient, the clinical evaluation also included dynamic penile color Doppler sonography, dynamic infusion cavernosometry and cavernosography, and nocturnal penile tumescence testing over a three-night period. All patients were then submitted to evaluation of corporeal form during¯accidity, tumescence and rigidity.
Patients were studied in a quiet and semiobscured room in order to reduce anxiety. The penis was placed in the dorsal position and a 10 MHz linear ultrasonographic probe (Esaote AU590, Genoa, Italy) was placed transversally over the midshaft to assess the corporeal form. The entire penile shaft was initially scanned during¯accidity, the site of maximal corporeal size was chosen for measurements, and a high resolution print was taken. This manoeuvre was repeated three times for each patient. An intracorporeal injection of 10 mg alprostadil was then given and the injection site was compressed for 3 min, the corporeal shape was reimaged at the same site as previously reported, postinjection imaging was also repeated three times. Patients were then left alone in the room for 10 min and invited to masturbate (without ejaculation) while watching the same segment of an erotic video, in order to maximize corporeal smooth muscle relaxation. At the end of the genital stimulation phase, corporeal shape was again imaged three times at the same site of maximal corporeal size by using the same technique as above.
Form analysis of penile outline
The ultrasonographic scans were printed without reference to the subject's age or diagnosis, and on each print a single operator draw the outline of the tunica albuginea. Two kinds of repeatability assessments were made. Firstly, for each functional phase (¯accidity, vasoactive drug, and genital stimulation) a single ultrasonographic scan of the ®rst three patients (01, 02, 03 in Table 1 ) was traced three times by the same operator without reference to the other traces. The form of these ®rst sections was analyzed to assess the reliability of the tunica albuginea outline (method error A). Secondly, the three ultrasonographic scans of the other 16 patients Quantitative analysis of penile ultrasonographic shape C Sforza et al were analyzed to assess the repeatability of probe positioning (method error B). The outline of each penis was digitized by an automatic image analyzer (IBAS, Kontron, Munich, Germany), 11 and the x, y coordinates of each point of the outline were used for the calculation of the Fourier series.
Fourier analysis
The method has been described in detail elsewhere, 9 and it will be only summarized hereafter. All the analysis was performed on a Bravo MS-T Pa90 computer (AST, Irvine, CA), programmed by one of the authors (V.F.F.).
The centroid (center of gravity) of the area within the boundary was calculated, and set as the origin of cartesian axes. The area of each penile outline was computed, and used separately from the shape analysis. The form was then normalized with respect to its size. Normalization was performed mathematically with expansions or contractions of the area that did not modify the shape. For all outlines the area was set equal to an arbitrary value of 8000 mm 2 . A Fourier analysis of the penile outline was then performed, with period t 360. 10 The method describes the outline by using a series of cosine and sine functions of increasing frequency. Low frequency harmonics (namely, the ®rst of the series) describe relatively macroscopic aspects of the outline, while high-frequency harmonics add ®ner details of the contour. Series were truncated at the 15th harmonic, because the higher degree coef®-cients were negligible, that is the discrimination possible between the contours of two outlines was no further enhanced by adding more harmonics. On the contrary, the system could be taking microscopic plotting or tracing errors into consideration at higher harmonic levels. 6 The mathematical formula of Fourier series is reported in the Appendix.
The form was also normalized with respect to its orientation relative to the coordinate axes, by setting vertical its symmetry axis calculated as the axis that maximized the cosine function of the Fourier series. The mathematical reconstruction of the cavernous bodies of patient 06 in the three studied functional phases is given in Figure 1 . To better show the shape component, both the size-standardized (Figure 1a ) and the original area (Figure 1b ) plots are given.
Form comparisons
The difference between the three repetitions of each penile outline (error A: repeated traces of the same ultrasonographic image; error B: repeated scans) was computed separately for the size and shape components: the difference in size (size ratio) was appreciated from the original (before size standardization) area ratio, shape difference was computed from the size-, orientation-and rotation-normalized mathematically reconstructed outlines (differential area between two normalized outlines expressed as a percentage of the sum of the relevant areas). 10, 12 Descriptive statistics (mean, standard deviation, coef®cient of variation, that is, the percentage ratio of standard deviation to mean) were computed for each patient, functional phase, and sizeashape component. Overall mean values for each functional phase were also calculated. Quantitative analysis of penile ultrasonographic shape C Sforza et al
Results
In all cases the ultrasonographic traces of the tunica albuginea surrounding the corpora cavernosa were easily identi®ed by the 10 MHz ultrasonographic probe. However, after intracorporeal injection of alprostadil and subsequent genital stimulation the expansion of the corpora cavernosa due to blood engorgement allowed a much clearer view of the tunica albuginea than that observed during¯accid-ity. The tunica albuginea appeared as a hyperechoic line completely enveloping both corpora cavernosa: at the urethral groove the hyperechogenicity of the tunica albuginea was slightly reduced in all patients but still clearly identi®able.
Repeatability of penile outline (three traces of the same ultrasonographic scan)
Repeatability of penile size and shape was good in all three patients (Table 2) : on average the size ratios ranged between 1 and 1.06, with coef®cients of variation up to 5.99%. Shape difference values were somewhat larger, with mean values ranging between 1.27% and 2.65%, and coef®cients of variation up to 49.55%. This ®rst source of error was due only to the operator's ability to differentiate the ultrasonographic image of the tunica albuginea from the surrounding noise.
Repeatability of probe positioning (three traces for each functional phase)
Size ratios were negligible in all patients: mean patient values ranged between 0.96 and 1.12, coef®cients of variation between 0.56 and 3.47%. Indeed, in some cases the same values were found in all three repetitions, and the standard deviation was zero. Overall mean values are reported in Table 3 . Quantitative analysis of penile ultrasonographic shape C Sforza et al
In all patients, shape reproducibility was somewhat larger in the genital stimulation phase than in the other two phases: mean shape differences were smaller. In 50% of patients, the worse shape reproducibility was found in the¯accidity phase, while in the other 50% the vasoactive drug phase had the poorest reproducibility. Mean patient values ranged between 0.71 and 2.86%, coef®cients of variation between 3 and 30%, and only in three cases they were larger than 30%. In no cases shape reproducibility seemed to be correlated to diagnosis or age. Overall mean shape difference values within phase, and relevant coef®cients of variation, were larger than the correspondent size ratio values (Table 3) .
Preliminary results
To exemplify the potentials of this method, the size and shape (namely, size-standardized) differences between the outlines of the cavernous bodies in thē accidity and genital stimulation phases in two patients with different diagnosis are given. The original 15-harmonic reconstruction of the cavernous bodies of patient 06 during the¯accidity (continuous line) and the genital stimulation (interrupted line) phases is illustrated in Figure 2a . The relevant size-standardized mathematical reconstruction is illustrated in Figure 2b , together with the magnitude and direction of the differences between the outlines (not superimposed areas) in the two phases. These differences in shape are zero when the outlines intersecate.
When standardized for size, a better display of the shape difference is given: the shape of the cavernous bodies during¯accidity was more elongated on the horizontal axis (cross-hatch area in Figure 2b ) and smaller on the vertical axis (`bubble' area in Figure  2b ) than the shape after the genital stimulation phase. The two`bubble' areas (over and under the horizontal axis) were asymmetric, the lower area being larger than the upper area, and deviated from the symmetry (vertical) axis. These shape differences indicate that corporeal dilation in this patient who had a corporeal veno-occlusive dysfunction greatly modi®ed penile shape with an asymmetric pattern. The shape difference between the two outlines was 13.11%, while the size ratio (¯accid-ity : genital stimulation) was 0.37.
A very different picture is given in Figure 3 , where the outlines of the cavernous bodies of patient 18 are shown (Figure 3a , original area ratio; Figure 3b , size-standardized). In this man, who had a normal penile hemodynamics, the shape difference between the two outlines was only 4.01%, with a size ratio of 0.47. Cavernous shape durinḡ accidity and after genital stimulation were similar, with cross-hatch and`bubble' areas extending almost symmetrically at 90 (cross-hatch in Figure 3b ) and 45
(`bubble') in all four cartesian quadrants. In this case, corporeal dilation did not implied conspicuous modi®cations of penile shape.
Discussion
The hemodynamic events occurring during penile erection involve marked changes of both size (volume) and shape of corpora cavernosa. While the former is an obvious clinical observation during any test involving the creation of an arti®cial erection, the modi®cation of the shape of the corpora cavernosa cannot be precisely assessed by simple observation but necessitates the use of high Quantitative analysis of penile ultrasonographic shape C Sforza et al 207 resolution ultrasonography. 13 Nelson and Lue 2 suggested that the evaluation of penile volume after the intracorporeal administration of papaverine, a smooth muscle relaxant, may show changes typical of the underlying processes involving the tunica albuginea and leading to erectile dysfunction. The major limitation of the measurement of penile volume is that it depends on the measurement of penile length which is operator-dependent and not easily reproducible. The distance between the distal and proximal tips of the corpora cavernosa cannot be quanti®ed by ultrasonography as the crura cannot be scanned adequately. In the present study, the evaluation of corporeal size and shape was performed using a strictly standardized protocol and a quantitative method that allowed a separate assessment of the two components. The assessment of the shape of the corpora cavernosa is a new parameter which may be potentially indicative of the function of the tunica albuginea. It has been shown that the tunica algubinea is composed of elastic and collagen ®bers which signi®cantly in¯uence the patient's erectile function. Although the clinical re¯ections of structural abnormalities of the tunica albuginea have been clari®ed mainly in patients with Peyronie's disease, it now appears that a correlation between tunical function and aetiology of erectile dysfunction may exist.
14 Therefore, a quantitative analysis of penile shape, together with the classical evaluations of penile size in different functional phases, could allow a better insight into the pathogenesis of erectile dysfunction.
Penile shape has never been assessed by quantitative methods. Indeed, the shape of this organ greatly modify as a function of its size, 3 and the two aspects should be separated for a correct morphological analysis. The most used conventional metric approach does not allow separation of size and shape contributions to the global morphology. 7 Size can mask the more subtle shape differences, and ratios are thus used to control for size differences. Unfortunately, ratios have been demonstrated to be inadequate. 15 In addition, the indices such a widthto-length commonly used in morphological analyses for the quanti®cation of form differences are arbitrary constructs because they are made from the combination of isolated metric measurements. 8 Conversely, the mathematical description used in the present investigation represents the global morphology of the contour of a form, and it can be a true shape analysis, because it is position-, sizeand orientation invariant. 16 In the current study, size was standardized by setting all areas equal to an arbitrary value of 8000 mm 2 , which allowed a convenient graphical representation. Position relative to the coordinate axes in¯uences the coef®-cients of the ®rst harmonic only: for each case, the origin of axes was set in the centroid of the contour. 8, 16 Orientation and starting point for mathematical computations were standardized by orienting all the outlines with the symmetry axis vertical.
In the current study, the corporeal contour was more easily traced during the dynamic phases of the test, that is both after intracorporeal alprostadil injection and after genital stimulation. In these conditions, the corporeal bodies were ®lled with blood and their echogenicity was signi®cantly increased thus facilitating the individuation of the tunica albuginea. Our experience, although preliminary, clearly demonstrated that the echographic tracing of the tunica albuginea is easily achieved by high resolution scanners (that is, 10 MHz). Currently, newer probes working at higher frequencies Quantitative analysis of penile ultrasonographic shape C Sforza et al such as 13 and 15 MHz may allow to further increase the accuracy of tunical tracing in particular conditions such as small penises. The method applied in the current study for the evaluation of corporeal shape was highly reproducible in all the tested functional phases, independently from the penile hemodynamic characteristics, that is from the patient's pathology. It may be potentially used to identify functional abnormalities of the tunica albuginea. The quanti®-cation of shape characteristics could also be of use in patients' follow up.
We are currently using this method of tunical tracing and mathematical reconstruction of penile outline in patients with erectile dysfunction with different aetiologies in order to verify potential correlation with underlying corporeal diseases, as exempli®ed in Figures 2 and 3 . In these two patients, penile erection (that is, a size modi®ca-tion) had a different effect on the shape of the corpora cavernosa. In patient 06 (Figure 2 ), who had a corporeal veno-occlusive dysfunction, corporeal dilation greatly modi®ed penile shape with an asymmetric pattern, that may be related to differential left-right venous alterations. On the contrary, the corpora cavernosa of patient 18 (Figure 3 ), who had a normal penile hemodynamics, did not modify signi®cantly their accidity shape in the genital stimulation phase. The shape effects shown in these two patients were obviously largely overwhelmed by the more evident size increments, and they could be fully appreciated only using the proper mathematical methods.
Conclusions
According to our preliminary experience, we believe that underlying corporeal pathologies such as cavernous veno-occlusive dysfunction might cause abnormal modi®cations of corporeal shape as seen during the various phases of the erectile cycle. These differences can be detected by our method which could be easily used during a standard dynamic penile color Doppler sonography, with a very short lengthening of the total duration of the test.
